Summary Six clones of radiata pine with known differences in growth rate were examined for clonal nutritional characteristics and for physiological determinants of clonal growth rate. We compared growth, foliar characteristics and nutrient, 13 C and 15 N concentration data for the six clones in 4-to 6-year-old field trials planted over a range of nutritionally contrasting sites. These data were also compared with growth, nutrient uptake and remobilization, foliar characteristic and gas exchange data from intensive physiological glasshouse experiments using 1-and 2-year-old plants of the same clones. Significant genotype × environment interactions in our field experiments conducted over strong nutritional gradients allowed us to identify radiata pine clones with consistent, superior growth and nutritional characteristics and clones that may be suited to particular site conditions. Our results suggest that the opportunity exists to exploit clone × site variation for site-specific clonal deployment and planting of fast-growing clones could be accompanied by planting of clones able to take relative advantage of site nutritional characteristics. Faster tree growth was not strongly related to any physiological characteristic, and the factors influencing growth rate differed among clones. The fastest-growing clone had consistent, high uptake of all nutrients, high fascicle weights and high water-use efficiency.
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Introduction
New Zealand has an impressive diversity of climates and soils, all within a relatively small land area of 270 000 km 2 . Annual rainfall ranges from 0.02 to 18.44 m (New Zealand Met Service 2009) and soils derive from recent volcanic, alluvial, glacial and coastal origins (Molloy 1998 ). During the last 1000 years, soils have been further influenced by extensive burning (Molloy 1998) and, more recently, by agricultural fertilization, particularly with phosphorus (P) (During 1984 , Hunter et al. 1991 . Across this varied landscape, exotic forests are planted on an area of 17 600 km 2 , and 89% of these forests are radiata pine (Pinus radiata D. Don) (MAF 2009) .
Soil diversity in New Zealand creates a challenge to optimize forest nutrition. Deficiencies of mineral nutrients are widespread. Based on 28 000 samples of radiata pine first-year foliage, Hunter et al. (1991) developed probabilities of nutrient deficiencies for pine throughout New Zealand. In general, many South Island soils have only marginal nitrogen (N) availability. Marginal P deficiencies occur in the northern half of the North Island and in the west coast forests and Canterbury plains of the South Island. Magnesium (Mg) deficiencies are likely in the volcanic central region of the North Island and on the west coast and higher inland areas of the South Island, but excess Mg may be found in the serpentine soils of the Nelson region. Boron (B) may be deficient in the central North Island and on the east and west coasts of the South Island. Potassium (K) is found at satisfactory levels in most areas of New Zealand; however, induced deficiency of K may be found on former agricultural soils (During 1984) .
With such soil diversity, an opportunity exists to identify genotypes of radiata pine with nutritional characteristics tailored to maximize growth on particular sites. A number of studies of tree species have documented an increase in N utilization (biomass per percent of N) or N productivity (biomass increase per unit N per day) in fast-growing families (reviewed by Weih and Nordh 2005) , and a smaller number of studies have shown that fast-growing families are better able to take up N than slow-growing families (Jahromi et al. 1976 , Bell et al. 1979 , Hawkins 2007 , Miller and Hawkins 2003 . In New Zealand, selection pressure also exists for nutrient uptake or exclusion efficiency of elements other than N. Studies in the 1960s and 1970s provided evidence of substantial variation in the ability of radiata pine genotypes to utilize a variety of nutrients efficiently (e.g., Burdon 1971 , 1976 , Knight 1978 . Some radiata pine clones have been observed to be tolerant of soil phosphate deficiency (Burdon 1976) , whilst other studies show clonal variation in efficiency of Mg and K utilization (Knight 1978, Beets and Jokela 1994) and thus growth and disease resistance on serpentine soils Jokela 1994, Beets et al. 2004) . Whilst a study with 47 open-pollinated families of radiata pine indicated that there is no benefit to selection of radiata pine families for nutrient-deficient sites over focused selection for higher growth rates on all sites (Carson et al. 2004) , sites in that study did not cover a strong nutritional gradient and trees in both fertilized and unfertilized treatments had sufficient foliar concentrations of N (>1.2%), P (>0.12%) and K (>0.30%) (Will 1985) . Our objectives were to investigate variation in nutritional characteristics, such as foliar nutrient concentrations and ratios, N uptake or retranslocation among clones of radiata pine with known differences in growth rate planted over a wide range of site qualities, and to explore relationships between nutritional and physiological characteristics of clones and clonal growth rates over the long term.
The approach was to compare data from intensive physiological experiments using 1-and 2-year-old radiata pine clones with known differences in growth rates, with growth and nutritional data from the same clones planted in field trials. Field trials were planted on a wide range of sites at approximately the same time as the physiological experiments were begun and were measured 4-6 years after establishment. We examined whether:
(i) the genotype × environment (G × E) interaction allowed the identification of superior or site-adapted clones, (ii) faster-growing genotypes exhibited greater foliar nutrient concentrations, nutrient-use efficiency, leaf size or photosynthetic or water-use efficiencies across the range of sites or in intensive physiological experiments, (iii) growth in physiological experiments in the glasshouse predicted results in the field.
In some aspects, this approach resembles retrospective genetic studies where performance of young seedlings in controlled environments is related to the later performance of their siblings in plantations (Wu et al. 2000) . The majority of these retrospective studies focus on morphological and sometimes phenological traits in large numbers of conifer half-or full-sib families. Very few include physiological parameters (Jansson et al. 2005) , and only one study with Salix spp. hybrids (Weih and Nordh 2005 ) of which we are aware used clonal material. To understand the mechanisms underpinning growth performance and nutritional adaptation, physiological investigation under contrasting conditions is required (Jansson et al. 2005) . Jansson et al. (2005) also suggest that single juvenile traits seldom have a strong influence on final production; therefore, many interacting traits need to be investigated. Using clonal material reduces genetic 'noise' when responses of many traits are compared over a number of sites and may help to reveal stable physiological attributes of clones. In New Zealand, radiata pine is a fast-growing, nutrientdemanding conifer harvested on a rotation of 26-32 years. Although its natural range is restricted to three coastal locations in southern California and two small islands in Mexico, it is planted over 20 000 km 2 in Chile, Australia, South Africa and Spain, in addition to the plantings in New Zealand. Understanding nutritional adaptation in radiata pine is, therefore, of interest to many.
Materials and methods

Clone selection
Fourteen New Zealand-wide field trials were established by Scion (formerly New Zealand Forest Research Institute) between 2002 and 2005 to identify genotypes of radiata pine with increased site resource-use efficiency. In each trial, a replicated set of 20 radiata pine clones was planted in addition to other clones of radiata pine, Cupressus macrocarpa and provenances of Pseudotsuga menziesii. The 20 radiata pine clones were selected from clonal material used for trials established in the Purokohukohu Experimental Basin (Beets et al. 2004 ). The 20 clones were grown from fascicle cuttings of seedlings raised from open-pollinated seed. Seed parents had different nutrition-related upper and middle crown yellowing symptom scores when growing on pumice soil (P clones) at Puruki in the central North Island or a range of diameter growth rates when growing on serpentine soil (S clones) near Nelson in the north- ern South Island (Beets et al. 2004) . Three ramets per clone were planted in each of two to eight blocks per site. The clones were planted at 4 × 4 m spacing to give a final stocking of 625 plants per hectare. This study focuses on 6 of the 20 clones planted in the 14 field trials. These six clones represent a gradient in growth performance within the clones planted in the Purokohukohu Experimental Basin (Beets et al. 2004) , and their physiology has been intensively studied (Bown 2007 , 2009a , 2009b . Clones P26C2, P26C5 and P02C7 were from parents assessed to have low susceptibility to Mg deficiency, whilst the P08C9 parent was assessed to have high susceptibility to Mg deficiency. Clone S02C1 was from a largediameter parent with high susceptibility to Mg deficiency, whilst clone S11C3 was from a small-diameter parent with low susceptibility (P. Beets, personal communication) . The six clones were selected for in-depth physiological studies in 2001 based on their growth rate and nutritional characteristics after 5 years of growth in a clonal trial at Puruki (38°26′ S, 176°13′ E) ( Table 1) .
Field trials and measurements
From the 14 field trials, all trees in a set of 7 trials were measured for height and diameter (at ground level or 1.4 m) 4 or 5 years after planting. Fascicle weight, foliar nutrients and foliar δ 13 C and 15 N contents were sampled on these seven sites 4 years after planting (Table 2 ). All trees in an additional set of six trials were measured only for height and diameter (at ground level or 1.4 m) 4 or 6 years after planting (Table 2) . No data were available for the 14th field trial.
Fascicle dry weights and nutrient concentrations were determined on current-year needles sampled from the youngest second-order branches from each of three ramets per clone per block. The foliage samples were bulked by clone within blocks (one sample per clone per block). One hundred fascicles were randomly selected from each bulked sample for measurement of oven dry mass after drying to constant weight at 65°C. The bulked samples were then ground for nutrient analysis. Concentrations of foliar carbon (C), N and sulphur (S) were analysed using LECO CNS-2000 (LECO Corporation, St Joseph, MI) for all sites except West Coast 1. Phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg) and boron (B) were analysed using ICP-OES (Perkin Elmer Optima 3000DV, Waltham, MA) after a HNO 3 /H 2 O 2 digestion. Foliar δ 13 C and 15 N contents were determined using continuous-flow isotope ratio mass spectrometry (Europa Scientific Ltd, Crewe, UK) on samples from Aniseed, Balmoral and Mahia.
At the Aniseed and Balmoral sites (Table 2) , chlorophyll fluorescence was measured on three ramets per clone per block in February 2005 and 2006. Chlorophyll fluorescence readings were obtained from dark-adapted intact needles using a pulse-amplitude modulated fluorometer (Mini-PAM Photosynthesis Yield Analyzer, Heinz-Walz GmbH, Effeltrich, Germany). For each tree, four to six fully expanded needles were selected from north-facing (sun-exposed) current-year needles of the youngest second-order branches and dark-adapted for 20 min. Maximum (F m ) and minimum (F o ) chlorophyll fluorescence emissions of dark-adapted needles were measured. The potential maximum quantum yield of Photosystem II (PSII) was calculated as (F m − F o )/F m (i.e., F v /F m ) (Genty et al. 1989 ).
Investigations of physiology in the glasshouse
Intensive physiological experiments using 1-and 2-year-old plants of the six radiata pine clones were conducted between 2004 and 2007. Not all clones were included in all experiments. Table 3 outlines all experiments conducted with each clone. Physiological experiments are described below.
Growth and N cycling experiments
NP-Ncycle experiment Clones P26C2, P26C5, P08C9 and S11C3 were used to study the influence of N and P on N uptake and internal cycling [referred to as clones A, B, C and D, respectively, in Bown (2007, Chapter 4) ]. One-year-old clones were grown in silica sand in a greenhouse for 24 months under a factorial combination of N (N 0 = 1.43 mM and N 1 = 7.14 mM, supplied as NH 4 NO 3 ) and P (P 0 = 0.084 mM and P 1 = 0.42 mM, supplied as KH 2 PO 4 ) with nine ramets per clone per treatment (144 plants) arranged in three blocks. Plants were grown in 4.2-l pots for 1 year and then transplanted into 42-l pots for the second year. Plants were irrigated with a complete nutrient solution (0.51 mM K, 0.25 mM Ca, 0.41 mM Mg, 0.28 mM S, 18.502 μM B, 12.53 μM Fe, 7.28 μM Mn, 0.45 μM Zn, 0.47 μM Cu, 0.073 μM Mo, 0.946 μM Cl and 0.145 μM Na) (Ingestad 1979) in increasing amounts (from 0.5 to 1.0 l/tree) and frequencies (from one to two times weekly) over time to account for increasing nutrient demands. Nitrogen was applied as 
Measurements made in the field trials were as follows: seven field trials-height, diameter, foliar nutrients, foliar δ 13 C and 15 N contents, fascicle weight; six field trials-height, diameter; two field trials-F v /F m .
Height and diameter were measured for each plant at the start of the experiment. Three plants per clone per treatment per block were harvested at 12, 18 and 24 months and measured for height and diameter. Stems, branches and foliage from the first and second year of growth, fine roots (≤ 2 mm), coarse roots (≥ 2 mm) and below-ground stems were oven-dried to constant mass and weighed. A random sample of 10 fascicles from each foliage age class for each tree was dried and weighed. Oven-dried samples from foliage, stems and roots of all plants were ground and total N and δ 15 N was determined using a mass spectrometer at the Stable Isotope Laboratory, University of Waikato, New Zealand.
A 15 N recovery and mass-balance approach was used to determine N remobilization for each tree. N remobilization was calculated as the 15 N content recovered in new tissues at Months 18 and 24 compared with total tree 15 N content at Month 12 (Bown 2007) .
NP-F v /F m experiment At 6 months in the NP-Ncycle experiment, potential maximum quantum yield of PSII (F v /F m ) was measured for dark-adapted needles of 7-10 plants per clone using a pulse-amplitude modulated fluorometer as described above (Bown 2007, Appendix A) . Fascicle diameter, length, mass and leaf area were measured in three fascicles per plant following chlorophyll fluorescence measurements. Foliage samples were oven-dried at 70°C to constant mass and weighed.
NP-partition experiment Clones P26C2, P26C5, P02C7 and S02C1 were grown to study the effects of N and P on carbon partitioning (referred to as clones A, B, C and D, respectively, by Bown (2007, Chapter 5) and Bown et al. (2009a) ). Six 1-year-old plants of each clone were grown in 42-l pots in silica sand for 44 weeks and received 1 l of nutrient solution per week. Nutrient regimes were as described for the NP-Ncycle experiment. Litterfall was collected monthly, dried and aggregated. Height and root collar diameter were measured for each plant at the start and end of the experiment. At the end of the experiment, the number of fascicles per plant was estimated by dividing total foliage mass by the average fascicle mass (from a sample of 10 randomly selected fasci- Table 4 . Mean squares and P-values from the ANOVA of square root-transformed height and diameter data from six radiata pine clones planted on 13 sites or of fascicle weight from the six clones planted on the 7 sites from which foliar nutrients were sampled. cles), and plants were divided into foliage, stems, branches and roots, oven-dried at 70°C to constant mass and weighed.
Data analyses
All statistical analyses were carried out using the SAS software (SAS Version 9.1, 2002-03; SAS Institute, Cary, NC). Variables were tested for normality and homogeneity of variance, and transformations were made as necessary to meet the statistical assumptions of analysis of variance and regression. Analyses of height, diameter and nutrient data from the field experiments were analysed with the following general linear model (Quinn and Keough 2002 ) (PROC GLM):
where Y ijkl is the value of the lth tree from the ith site, the jth clone and the kth block within site, μ is the overall mean, α i is the effect of the ith site across all clones, β i is the effect of the jth clone across all sites, γ k (α i ) is the effect of the kth block nested within the ith site, (αβ) ij is the effect of the interaction of the ith site and the jth clone, and ε ijkl is the random or unexplained error associated with the lth tree from the combination of the ith site, the jth clone and the kth block within site. The interaction term of clone × block within site was not significant in any analysis and so was removed from the model. In many analyses, the site × clone interaction term was significant. In these cases, data were reanalysed by site.
Data from glasshouse experiments (Bown 2007) were reanalysed to address the objectives of this study. Height, diameter, biomass and nutrient data were analysed with the following general linear model (PROC GLM):
where Y ijkl is the value of the lth plant from the ith treatment, the jth clone and the kth block, μ is the overall mean, α i is the effect of the ith treatment across all clones and blocks, β i is the effect of the jth clone across all treatments and blocks, γ k is the effect of the kth block across all treatments and clones, (αβ) ij is the effect of the interaction of the ith treatment and the jth clone, (αγ) ik is the effect of the interaction of the ith treatment and the kth block, (βγ) jk is the effect of the interaction of the jth clone and the kth block, and ε ijkl is the random or unexplained error associated with the lth plant Figure 2 . Mean diameter ± SE after 4, 5 or 6 years of growth of the six studied radiata pine clones planted on 13 sites (A) and diameter of those clones as a proportion of that of the largest diameter clone of 20 clones planted on each site (B). Diameter on most sites was measured at 1.4 m, but tree diameter at Mahia, West Coast 1 and West Coast 2 was measured at ground level. Foliar nutrient samples were available for the first seven sites only.
from the combination of the ith treatment, the jth clone and the kth block. In the analyses of height, initial height was included in the model as a covariate. For diameter and biomass, initial diameter was the covariate.
In all analyses of variance and covariance, least significant difference tests were used to distinguish among means (P ≤ 0.05). In analyses of covariance, least squares means were calculated to correct for the effect of the covariate (PROC GLM).
Stepwise regression (PROC REG) was used to explore the relationships between transformed foliar nutrient data and clone height and diameter for the four field sites on which all foliar nutrients were measured in all clones 5 years after planting (Aniseed, Balmoral, Kaingaroa and Rotoehu). Data from a fifth site (Mahia) were added for stepwise regression between transformed foliar nutrient data and fascicle weight. Transformed data for each nutrient were tested for linearity, and in all cases, linear, rather than quadratic, regressions provided the best fit. Variables included in the model were significant to P ≤ 0.15.
Results
Height, diameter and biomass allocation in the field and glasshouse
In the analysis of the six studied clones on 13 sites, the interaction of site × clone had a significant effect on both height and diameter (Table 4) ; therefore, clone ranking was compared by site. On all sites after 4 or 5 years of growth, P26C2 was the tallest of the six studied clones, or its height was not significantly different (P < 0.05) from the tallest clone ( Figure 1A ). On average across 13 sites, the height of P26C2 was 92% that of the tallest of the 20 clones planted on each site ( Figure 1B) . The other five studied clones changed ranking by height across sites, but on average, P02C7 was the shortest of the six studied clones with a height only 74% of that of the tallest of the 20 clones on each site ( Figure 1B ). Of the studied clones, P26C2 had the largest diameter or did not differ significantly (P ≤ 0.05) from the clone with the largest diameter across all sites (Figure 2A ). The diameter of P26C2 averaged 90% of that of the largest diameter clone of the 20 clones on each site ( Figure 2B ). Diameter ranking of the other five studied clones varied across sites, but on most sites, P02C7 and S02C1 ranked low in diameter ( Figure 2B ).
Growth data from glasshouse experiments were analysed to explore whether clonal growth trends observed in the field could be seen at an early age. In the NP-Ncycle experiment as seen, on average, in the field, clone P26C2 was the tallest of four studied clones after 12 months' growth and S11C3 was the shortest (Table 5 ). P26C2 had the greatest height and diameter relative growth rates and the second greatest root:shoot ratio, although clones were Table 5 . Mean ± SE height, diameter, total dry mass, root:shoot ratio and height and diameter relative growth rate (RGR) for six clones of radiata pine grown in glasshouse experiments for 6 months (NP-F v /F m experiment), 10 months (NP-partition experiment) or 12 months (NP-Ncycle experiment). Mean heights are adjusted for initial height, and mean diameters and total dry mass are adjusted for initial diameter (lsmeans PROC GLM). Means followed by the same letter are not significantly different (P > 0.05). Experiment not well separated statistically in these measures (Table 5) . P26C5 had the greatest total biomass, whilst clones P08C9 and S11C3 had the smallest total biomass (Table 5) . Data from the 12-month harvest of the NP-Ncycle experiment were chosen for analysis because plants had unconstrained root growth and little self-shading. In contrast, after 10 months growth in the NP-partition experiment, clone P26C5 had the greatest height and relative growth rates of the four studied clones (Table 5 ). P26C2 had the smallest total biomass and diameter, but along with P02C7, had the greatest root:shoot ratio.
Foliar nutrient concentrations
In the analyses of foliar nutrient concentrations in the six studied clones across seven field sites, clone P26C2 had a significant effect on the concentration of all nutrients (Table 6 ). On average, P26C2 had the highest, or not significantly different from the highest, foliar concentrations of N, P, S and B (Table 6 ). The interaction of site × clone was significant for foliar N, S and Mg and near-significant for P and K (Table 6 ). P26C2 had the highest foliar N concentrations at Kaingaroa, Rotoehu and Rolleston ( Figure 3 ). S11C3 had the highest N concentrations Table 6 . Mean ± SE N, P, K, S, Mg and B concentrations in the foliage of six clones of radiata pine planted on six (S) or seven (N, P, K, Mg, B) sites (n = 19-25). Means followed by the same letter are not significantly different (P > 0.05). Mean squares and P-values from the ANOVA of transformed nutrient data are below. at Aniseed and West Coast 1 sites (P ≤ 0.05), and P08C9 had relatively high foliar N at Balmoral and Mahia (Figure 3 ). P02C7 and P26C5 had consistently low foliar N concentrations across all sites (Figure 3) . P26C2 had the highest foliar P concentrations on five of the seven sites (Figure 4) (Table 6 ). S11C3 had low foliar P on the high-P sites of Kaingaroa and Rolleston (Figure 4) . S02C1 averaged the highest foliar K concentration over all sites (Table 6 ) and ranked highest on four of six sites (not planted at Rolleston) ( Figure 5 ). The site × clone interaction was significant for Mg (P < 0.0004), but P26C5 had the highest foliar Mg concentrations on six of six sites (not planted at Rolleston) and S11C3 had consistently low foliar Mg (Table 6 ). P26C2 had the highest foliar S concentrations on five of six sites (West Coast 1 not sampled). P26C5 had low foliar S concentrations, on average (Table 6) , particularly on sites with high mean foliar S levels.
In NP-F v /F m and NP-Ncycle glasshouse experiments after 6 or 12 months of growth, foliar N trends among clones were similar to the field sites. On average, P08C9 or P26C2 had the highest foliar N concentrations and P26C5 had the lowest foliar N concentrations in both glasshouse experiments (P-value for 'clone' term = 0.02 NP-Ncycle experiment, P < 0.0001 NP-F v /F m experiment), but clone ranking varied among treatments (Table 7 ) (P-value for 'treatment × clone' term = 0.01 NP-Ncycle experiment, P = 0.002 N-F v /F m experiment). In the NP-Ncycle experiment, N remobilization efficiency was calculated for the second year of growth. S11C3 had the greatest remobilization efficiency, reusing 59 ± 3% of plant N content in Year 1. This was significantly (P ≤ 0.01) greater than the other clones, which averaged 49 ± 4, 48 ± 4 and 46 ± 3% for P26C5, P26C2 and P08C9, respectively (Bown 2007, Chapter 4) .
Foliar P was measured in the NP-F v /F m experiment. In contrast to its low P concentrations on field sites, S11C3 had the highest foliar P concentration (0.22 ± 0.01), followed by P08C9 (0.19 ± 0.01), P26C2 (0.17 ± 0.01) and P26C5 (0.14 ± 0.01) (P ≤ 0.05). There was no change of clone ranking among treatments.
Foliar nutrient ratios
Foliar nutrient ratios can provide an indication of nutrient imbalances or interference in uptake between nutrient ions. Foliar N:P and N:K ratios from trees on the field sites were Table 7 . Mean ± SE N concentrations (in percent) in the foliage of four clones of radiata pine in four nutrient treatments in two glasshouse experiments. Means followed by the same letter are not significantly different within experiment (P > 0.05). investigated because of possible nutrient imbalances caused by past N or P fertilization on these sites. Foliar K:Mg ratio was examined because high K levels on some sites might interfere with Mg uptake. On average, the N:P ratio was highest on the Mahia (12.96 ± 0.38) (mean ± SE) and Rotoehu sites (11.60 ± 0.24) (P = 0.05). N:P ratios on the other sites ranged from 7.5 ± 0.50 at Rolleston to 8.38 ± 0.30 at Balmoral. The site × clone interaction term was significant because N:P ratios differed significantly among clones on the Balmoral (P = 0.01), Rolleston (P = 0.01) and West Coast 1 (P = 0.04) sites only. On these sites and overall, the clone ranking for N:P ratio was the same, thus results for the Balmoral site only are presented ( Figure 6A ). P08C9 and S11C3 had the highest N:P ratios of the six clones, whilst P26C2 and P26C5 had the lowest. The seven sites differed significantly in foliar N:K ratios (P ≤ 0.0001). N:K ratio was highest at Aniseed (3.22 ± 0.37) and West Coast 1 sites (2.30 ± 0.13). N:K ratios on the other sites ranged from 1.51 ± 0.04 at Mahia to 1.81 ± 0.05 at Balmoral. The site × clone interaction was not significant. P26C2, P08C9 and S11C3 had the highest foliar N:K ratios and P02C7 and S02C1 had the lowest over all sites ( Figure 6B ).
Sites differed significantly in foliar K:Mg ratios (P ≤ 0.0001). K:Mg ratio was highest at Kaingaroa (12.3 ± 0.37) and Mahia (10.3 ± 61) and lowest at Aniseed (0.98 ± 0.05). The other sites ranged between 5.2 ± 0.23 at West Coast 1 and 8.1 ± 0.26 at Rotoehu. The site × clone interaction term was significant, however, because K:Mg ratios differed significantly among clones on the Kaingaroa (P = 0.0002), Mahia (P = 0.002) and Rotoehu (P = 0.0003) sites. On these sites and overall, S11C3 and S02C1 had the highest K:Mg ratios, whilst P26C5 or P08C9 had the lowest ratios. Results for Kaingaroa only are presented ( Figure 6C ).
N natural abundance
15 N natural abundance was measured in foliage from the clones at Aniseed, Balmoral and Mahia to test whether some clones were more efficient at obtaining N from the soil. Whilst ANOVA of the transformed data indicated no significant difference among clones, P26C5 had the greatest 15 N concentration (1.11 ± 0.62‰), whilst P26C2 and P08C9 were the most depleted (0.4 ± 0.71 and 0.13 ± 0.70‰, respectively) on average.
Leaf characteristics
One of the most consistent clonal characteristics was fascicle weight. In both field and glasshouse experiments, P26C2 had the heaviest fascicles, followed by P26C5 (Table 8) . In field experiments, fascicle weight of clones P02C7 and S02C1 were intermediate, and in all experiments, P08C9 and S11C3 had the lightest fascicles (Table 8) . Clone fascicle weight trends were consistent across all sites (Table 4 ) and treatments. Greater fascicle weight was due to greater fascicle length and diameter (Bown 2007, Appendix A) .
In glasshouse experiments, fascicle weight and number of fascicles per plant had an inverse relationship. In the NPNcycle experiment, the number of fascicles per plant after 2 years of growth was 1520 ± 173 for S11C3, 1374 ± 202 for P26C5, 1277 ± 131 for P08C9 and 858 ± 105 for P26C2. In the NP-partition experiment, P26C2 had many fewer fascicles per plant than P26C5, P02C7 and Table 8 . Mean ± SE fascicle dry weight (in milligrams), area (in square centimetres) or specific leaf area (fascicle area/mass) for six clones of radiata pine planted on seven sites or grown in glasshouse experiments. Means followed by the same letter are not significantly different (P > 0.05). S02C1 (Bown 2007, Chapter 5) . In the NP-F v /F m experiment, fascicle area followed the same trend, with P26C2 having fascicles with the largest area and S11C3 having the smallest leaf area per fascicle (Table 8 ). In terms of specific leaf area, however, S11C3 had the highest specific leaf area and thus the thinnest leaves, whilst P26C5 had the thickest leaves (Table 8) .
Relationships among variables in field experiments
On the five sites where diameter was measured 5 years after planting, there was a strong positive relationship between fascicle weight and stem diameter (P < 0.0001, r 2 = 0.52) (Figure 7 ) and between fascicle weight and stem height (P < 0.0001, r 2 = 0.47). Stepwise regression was used to explore the relationships between foliar nutrients and clone height or diameter at breast height for the four field sites on which all foliar nutrients were measured 5 years after planting. P or K was the foliar nutrient with the strongest relationships with height and diameter in all clones (Table 9 ). Foliar P concentration was negatively correlated with height or diameter whilst foliar K concentration was positively correlated with tree size. Mg also made a contribution to the fit of the regression models in some clones, particularly S11C3 (Table 9) . Clone P26C5 was the only clone in which foliar N concentration made a significant contribution to the fit of the regression models for height and diameter.
Stepwise regression of foliar nutrients and clone fascicle weight on five field sites showed that K had a strong positive relationship with fascicle weight in most clones, but in clone P02C7, foliar N had the best relationship with fascicle weight (Table 9 ). Foliar P concentration had a significant, negative relationship with fascicle weight for most clones ( Table 9 ). The negative correlations with foliar P indicate that P was diluted in larger trees or heavier fascicles.
Photosynthetic characteristics
Chlorophyll fluorescence measured in the field in 2005 and 2006 did not differ significantly among clones planted at Aniseed and Balmoral. On average, F v /F m for clones P26C2, P26C5, P08C9 and S11C3 was 0.80 ± 0.008, whereas F v /F m averaged 0.78 ± 0.01 for P02C7 and S02C1. After 6 months of growth in the NP-F v /F m experiment, there was no significant difference among clones P26C2, P26C5, P08C9 and S11C3 in F v /F m (0.82 ± 0.003) (Bown 2007, Appendix A) .
Carbon isotope discrimination was used to explore the relative rates of gas exchange among the clones planted at Aniseed, Balmoral and Mahia. The interaction of site × clone was significant for δ 13 C (P = 0.004); therefore, the relationships were explored by site. δ 13 C values were least negative at Balmoral, indicating that it was the driest site, followed by Aniseed and Mahia (Table 10) . Among the six clones, P26C2 had the least negative δ 13 C values on all sites, indicating lower stomatal conductance or a greater chloroplastic demand Table 9 . Stepwise regression models to predict height, diameter and fascicle weight from transformed foliar nutrient data for six clones on four sites (height, diameter, n = 13-16) or five sites (fascicle weight, n = 17-20 C values (‰) for foliage of six clones of radiata pine planted on three sites. Means followed by the same letter are not significantly different within site (P > 0.005) (n = 4). for CO 2 or a combination of both (Table 10 ). P08C9 and S11C3 had the most negative δ
13
C values on two of the three sites measured (Table 10 ). There was no relationship between δ 13 C and foliar N concentrations of the clones on the three sites, indicating that differences among clones in 13 C discrimination are not due to differences in rates of C assimilation, but are likely due to differences in stomatal conductance. δ
C was negatively correlated with diameter at Balmoral, the driest site, but not at Aniseed and Mahia ( Figure 8A ). This indicates that the most water-use efficient trees had smaller diameter on the dry site. The same trend was observed for height, but it was not significant (P = 0.09). δ 13 C was positively correlated with fascicle weight at Balmoral and Mahia ( Figure 8B ), indicating that heavier fascicles were more water-use efficient.
Discussion
Identifying superior or site-adapted clones
Of the six studied clones of radiata pine, some clones performed consistently across sites, whilst the relative performance of others varied among sites. Clone P26C2 was a consistent top performer, whilst clone P02C7 was a consistently poor performer, particularly for height growth. P08C9, P26C5, S02C1 and S11C3 exhibited relatively large site-tosite variation, which makes these clones of greater interest for site-specific deployment. Burdon (1971) found high clonal repeatability for height growth, branching frequency and stem straightness in 18 clones of radiata pine within each of four sites, but large clone × site interactions reduced repeatability across sites. Tree breeders typically attempt to reduce the degree of G × E interaction to improve breeding population stability. Codesido and Fernandez-Lopez (2009) stated that eliminating the 10 most interactive of 58 half-sib radiata pine families increased potential genetic gain in growth and form traits considerably. In Pinus pinaster Ait., Zas and Fernandez-Lopez (2005) estimated that 7-31% of open-pollinated families were highly interactive. Clones display a higher degree of interaction with the environment than either half-or full-sib families (McKeand et al. 2006) , thus an opportunity may exist to exploit consistent clone × site variation for site-specific deployment of clones to achieve maximum site productivity.
Relating growth and nutritional characteristics of clones Foliar nutrients Although nutrients often limit tree growth in natural environments, relatively little attention has been given to nutrient-related traits in studies of genetic variation in trees. Nutrient-related traits could be considered in tree breeding programmes, as evidence of significant genotype × nutrient availability interaction exists and indications are that assessments for nutrient-use efficiency may be made at an early stage (Brown 1970 , Woessner et al. 1975 , Jahromi et al. 1976 , Bell et al. 1979 , Hawkins 2007 . In radiata pine, broad-sense heritabilities of foliar nutrient concentration have been shown to be high for K, Mg and Ca and moderate for other nutrients (Beets and Jokela 1994) . Very few studies explore genotype × nutrient availability interactions in trees older than 1 year. In older trees, rank changes in response to nutrient availability have been observed among families of loblolly pine (Crawford et al. 1991 ) and radiata pine (Snowdon and Waring 1985) . Other field studies of loblolly pine (McKeand et al. 2000) and radiata pine (Carson et al. 2004 ) report a lack of interaction. Burdon (1976) found that clonal differences in nutrient concentrations occurred within sites rather than persisting over several sites. The field portion of our study was conducted over a larger number of sites and across greater nutritional gradients than the above-mentioned works. Significant site × clone interactions occurred for foliar concentrations of most nutrients; however, some clones had consistent ranking for foliar nutrients across sites.
P26C2 had high foliar concentrations of most nutrients across all sites and was relatively efficient at concentrating P, resulting in a low N:P ratio. In glasshouse experiments, P26C2 also had the highest foliar N concentrations and P26C2 had low 15 N concentrations, on average, indicating greater access to N in soil solution. This is consistent with the characterization of P26C2 as a fast-growing clone with high nutrient acquisition (Table 1) . In contrast, P25C5 had low foliar concentrations of N in field and glasshouse studies and greater 15 N concentrations, indicating relatively poorer access to soil N. P26C5 was the only clone in which foliar N concentration made a significant contribution to the regression models of height and diameter (Table 9) , possibly indicating N deficiency in this clone on some sites. Foliar concentrations of S and K were also relatively low in P25C5. In the NP-F v /F m glasshouse experiment, P26C5 had the lowest foliar P concentrations, thus this clone appears to have low nutrient uptake, consistent with its characterization from the Puruki experimental site (Table 1) . S11C3 was characterized as a clone with moderate growth and nutrient acquisition (Table 1) . In field trials, S11C3 had low relative foliar concentrations of P on many sites, likely indicating poor P uptake. In contrast, in the NP-F v /F m experiment, S11C3 had the highest foliar P concentration of four clones, but it was also the smallest clone, thus P may have accumulated in these plants. In the field trials, S11C3 had low foliar concentrations of Mg and B and a high K:Mg ratio, indicating a susceptibility to Mg deficiency (Beets and Jokela 1994) . S11C3 was the only clone in which foliar Mg made a sizeable contribution to the regression models of height and diameter (Table 9) , possibly indicating Mg deficiency on some sites. These results contrast with the characterization of the S11C3 parent as having low susceptibility to Mg deficiency. On many sites, S11C3 had relatively high concentrations of foliar N, but given this clone's small height and diameter, its low foliar P and Mg concentrations and high N:P ratio, it is likely that N accumulated in S11C3 trees due to their slow growth rate.
P08C9 was expected to have relatively fast growth and high N acquisition (Table 1 ). This was supported by field and glasshouse experiments. P08C9 had a high N:P ratio and low 15 N concentration, indicating greater access to soil N, and high foliar N concentrations in glasshouse experiments. On high-K sites such as Mahia and Lawrence, P08C9 had average to below-average height and diameter, relatively low foliar K concentrations and a high N:K ratio, indicating poor K uptake. The combined evidence of sufficient N concentrations but low P and K concentrations indicates that growth in this clone is limited by nutrients other than N, particularly P and K. P08C9 may, therefore, not be suitable for low-P or low-K sites.
P02C7 was expected to have low N acquisition, whilst S02C1 was expected to have high nutrient acquisition (Table 1) . In field trials, P02C7 consistently had among the lowest foliar N concentrations which may have contributed to its low growth rates. Both P02C7 and S02C1 had relatively high foliar K concentrations on K-poor sites and consequently low N:K ratios and high K:Mg ratios. Both clones also had high foliar K concentrations on the Puruki experimental site (Table 1) . Given the high growth rates of S02C1 on the high-K sites of Mahia and Rotoehu, this clone could be suitable for sites with sufficient available K; however, S02C1 had the second highest K:Mg ratio, indicating a susceptibility to Mg deficiency. This corresponds to the characterization of the S02C1 parent as Mg deficiency susceptible (P. Beets, personal communication) . As both 'S' clone parents originated from serpentine soils, low foliar Mg concentrations might also indicate an ability to exclude Mg.
Interpretations of nutrient uptake based on foliar nutrient concentrations must be made with great caution. High growth rates may result in dilution of nutrients, or growth limitations imposed by constraining environmental or nutritional factors may result in elevated foliar concentrations of the nutrient of interest. Plant nutrient content is a better indicator of nutrient uptake; however, measurement of plant biomass is required. This was not possible for the field trials. Height and diameter provide a reasonable estimate of plant biomass, however, and tree size was considered as a factor when interpreting trends in foliar nutrient data. Nutrient ratios are also useful in this regard.
In stepwise regression models predicting height and diameter of clones from foliar concentrations of all measured nutrients, P, K and, in some cases, S had the best relationships with growth. Foliar P concentrations were negatively correlated with all growth variables, indicating that available P was limiting and was, therefore, diluted in plants with higher growth rates. Height of clones P08C9 and S02C1 was positively related to foliar S concentration. Diameter of clones P26C2, P08C9 and S02C1 was positively correlated with foliar K concentration. In a study of a single seed lot of radiata pine planted on 31 sites across New Zealand, soil properties most strongly and positively related to volume growth were total P, organic P and C:N ratio (Watt et al. 2008) . This implies that available P limits growth more than available N on many sites in New Zealand and that, without fertilizer, trees that can take up P efficiently will be at an advantage. Lee et al. (1991) also found that P, K, Cu and N were the main elements influencing growth of radiata pine on ultramafic soils in New Zealand. Burdon (1976) found that growth rate was independent of foliar concentrations of N, P, K, Mg and Ca in 18 radiata pine clones on four sites; however, Burdon's sample sizes were considerably smaller, the trees older (12 years) and the foliar nutrient concentrations much higher than in our study.
Nutrient retranslocation On sites where nutrients limit growth, higher efficiency of nutrient retranslocation might be expected to increase productivity. Weih and Nordh (2005) concluded that nutrient loss components in a deciduous species are important for tree performance in the long term. In radiata pine and P. sylvestris L., net N retranslocation is greatest in plants with an abundant N supply and a high growth rate (Fife and Nambiar 1984 , Nambiar and Fife 1987 , Helmisaari 1992 ). In the NP-Ncycle glasshouse experiment, the amount of N retranslocated was generally proportional to the N pool (data not shown; Bown 2007, Chapter 4); however, S11C3, one of the smaller clones, had the greatest remobilization efficiency. There is no support, therefore, for the hypothesis that N retran-slocation efficiency is correlated with growth in young plants of these clones. In fact, N retranslocation efficiency might be lower in young clones with higher rates of nutrient uptake because uptake could supply the nutrient demands of new growth. Needle retention in 17 clones of radiata pine has been shown to be highly clonal with a broad sense heritability of 68% (Beets and Jokela 1994) , but Knight (1978) found that foliage longevity was unrelated to growth rate in nine radiata pine clones. Future studies should explore the relationships between P retranslocation efficiency and growth rate in clones of radiata pine as there is a greater percentage of P (86%) than N or K retranslocated from spring to summer needles in radiata pine (Fife and Nambiar 1982 ) and P appears to be the most limiting nutrient on many sites.
Relating growth and leaf and photosynthetic characteristics or water-use efficiency of clones
Retrospective studies that include measures of gas exchange provide an opportunity to identify mechanisms determining family growth performance. Often, however, measures of photosynthetic rate in seedlings are not correlated with family field performance Volkaert 1992, Sulzer et al. 1993) . Glasshouse experiments with clones P26C5 and S11C3 showed no significant differences in photosynthetic parameters between clones (Bown et al. , 2009b . No difference was observed in 9- ) or 18-month-old (Bown et al. 2009b ) plants of P26C5 and S11C3 in stomatal conductance, mesophyll conductance, light-saturated rates of photosynthesis, maximum rates of carboxylation by RuBisCo or maximum rates of electron transport. Field and glasshouse measurements of chlorophyll fluorescence also revealed no significant differences among clones. Rook and Hobbs (1976) found no significant differences in rates of CO 2 exchange between two clones of radiata pine, although the clones differed in evapotranspiration by 50% in a controlled environment. That study was conducted at relatively low levels of irradiance, which may also have been a factor in the glasshouse experiments. However, growth is the integration of net carbon acquisition over time, and instantaneous measures of gas exchange only provide a snapshot of photosynthesis. Given the range of environmental variables that can affect photosynthetic rates, it is perhaps unsurprising that it is difficult to correlate short-term measures with longterm growth.
Previous studies have reported positive (Zhang et al. 1993 , Flanagan and Johnsen 1995 , Sun et al. 1996 , Johnsen et al. 1999 , Prasolova et al. 2001 , negative (Prasolova et al. 2000 , Pita et al. 2001 , Correia et al. 2008 or no (Pennington et al. 1999 , Marron et al. 2005 , Monclus et al. 2005 , Bonhome et al. 2008 ) relationships between foliar δ 13 C and plant growth. Relationships of seedling water-use efficiency have been well correlated with long-term field performance of families in some studies (Bennett and Rook 1978, Tan et al. 1992 ), but not in others (Greenwood and Volkaert 1992) . Age:age correlations in leaf δ 13 C of Picea mariana varied from 0.70 to 0.84, and in 22-year-old trees of this species, leaf δ 13 C was highly heritable, highly correlated with growth, less environment-sensitive than growth and showed potential for early selection (Johnsen et al. 1999 ). δ 13 C values from three of our field sites indicated that fast-growing P26C2 was the most water-use efficient of the six clones. S02C1 also had less negative δ 13 C values, indicating high water-use efficiency, whilst P08C9 had low water-use efficiency. δ 13 C values were not correlated with growth on two of the three sites measured. On the third and driest site, there was a negative correlation between water-use efficiency and diameter growth. No relationship between survival and water-use efficiency of clones was observed (data not shown). The relationship between foliar δ 13 C and plant growth should be positive if water is limiting, and saved water is not lost through soil evaporation (Prasolova et al. 2003) . Our results suggest that low soil water availability on the Balmoral site negated the positive effects of lower stomatal conductance in water-use efficient trees.
Significant and consistent variation in fascicle dry weight existed among clones. Burdon and Low (1977) found significant differences in needle length and fascicle dry weight among radiata pine populations from mainland California, but no within-population variation. Fascicle weight was positively correlated with δ 13 C values at two sites in our study, thus heavier fascicles were more water-use efficient. Over all sites, the most water-use efficient clone, P26C2, had the heaviest fascicles, whilst the least water-use efficient clone, P08C9, had among the lightest fascicles. Heavier fascicles had greater length and diameter, which could slow the loss of internal water to evapotranspiration. Young plants of P26C2 also had fewer fascicles per plant than other clones (Bown 2007) , which would further reduce water loss. δ 13 C was measured in needle tissue which reflects the δ 13 C signature of recently fixed C. This may explain why the correlations of δ 13 C with fascicle weight were stronger than with tree height or diameter because fascicle characteristics would have a more immediate effect on C isotope discrimination. δ 13 C signatures of woody tissue integrate C isotope discrimination over a longer time and might provide better correlations with growth.
Predicting long-term growth from growth in glasshouse studies
In most cases, clonal ranking by size in glasshouse studies matched that in field studies. Mean clone heights and diameters in the NP-Ncycle experiment and height in the NP-F v /F m experiment had the same clonal ranking as mean field height and diameter. In the NP-partition experiment, however, significant differences in initial size among clones resulted in P26C5 having the greatest final height and diameter. Tree breeders have expended considerable effort to increase genetic gain per unit time by indirect early selection for late performance (Wu et al. 2000) . Strong correlations may be found between seedling height, diameter and/or volume and these measures in 9-to 28-year-old trees (Hodge and White 1992 , Jonsson et al. 2000 , Wu et al. 2000 ; however, many retrospective analyses show no juvenile-mature correlations (reviewed by Eriksson et al. 1993) or even negative correlations (Karlsson et al. 2002) . Weak or non-existent juvenile-mature correlations have been attributed to different environmental conditions between the glasshouse and the field or different genes regulating the same growth traits in young and old plants (Jansson et al. 2005 ).
Conclusions
We conclude that significant genotype effects and G × E interactions in our field experiments conducted over strong nutritional gradients allow us to identify radiata pine clones with consistent, superior growth and nutritional characteristics and also clones that may be suited to particular site conditions. For example, P26C2 is a fast-growing clone with high nutrient acquisition. P26C5 appears to have poor nutrient uptake ability, but grows well when nutrients are available at high levels. P08C9 is a clone with relatively high N acquisition, but appears to have low uptake of P and K. P02C7 and S02C1 appear to have relatively high K uptake.
The significant G × E interactions in our study suggest an opportunity for site-specific deployment of clones to match site resources. It is important to maintain genetic diversity within and among plantations for resistance to pests, pathogens and environmental stress. Planting of fast-growing clones such as P26C2 could be accompanied by plantings of other site-adapted clones that are able to take relative advantage of the nutritional characteristics of a particular site. Forest managers will be reluctant to invest in site-specific clonal deployment and silviculture, however, until they are confident of the reproducibility of clone-site matching and the economic advantages. Improvements in wood yield of up to 40% have been achieved through a strategy of matching Eucalyptus grandis clones to site conditions (Wright 1995) , and a similar approach has been suggested for clonal plantations of E. grandis × E. urophylla in Venezuela (Rojas et al. 2000) . In Australia, stable and reactive clones of hybrid pine have been identified for general planting and for particular plantation sites (Walker et al. 1996) . Given the diversity of soils and climates in New Zealand, there are great potential benefits of research into genotype-site matching.
In general, clonal ranking by size in glasshouse studies matched that in field studies; however, variation among glasshouse studies was observed and more clones would be needed to reliably assess this relationship. Faster tree growth was not strongly correlated with physiological characteristics, and the factors determining growth rate differed among clones. Foliar concentrations of K and, to a lesser extent, S were positively correlated with height and diameter, whilst concentrations of P were negatively correlated with height and diameter. This supports work showing that available P limits growth on many sites in New Zealand (Watt et al. 2008 ). Fascicle weight was positively correlated with diameter and water-use efficiency, but on the dry Balmoral site, water-use efficiency was negatively correlated with diameter. Nutrient retranslocation, photosynthetic rates, chlorophyll fluorescence and foliar C isotope ratios showed no correlation with growth. In Salix hybrids, Weih and Nordh (2005) concluded that relationships between key morphological and nutritional traits and shoot biomass production were clone specific, as was found in the radiata pine clones. The generally superior performance of clone P26C2 may be attributed to efficient uptake of most nutrients, particularly P, and to high water-use efficiency, in part due to its large, thick needles. P08C9's consistent, relatively high growth rate is due, in part, to efficient N uptake. S11C3 achieves moderate rates of growth on most sites, despite its relatively low water-use efficiency, and performs relatively well on serpentine soils (Aniseed), possibly due to an ability to exclude Mg.
